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The creation of sexual dimorphism in the gonads is essential for 
producing the male and female gametes required for sexual 
reproduction. Sexual development of the gonads involves 
both somatic cells and germ cells, which often undergo sex 
determination by different mechanisms. While many sex- 
specific characteristics evolve rapidly and are very different 
between animal species, gonad function and the formation 
of sperm and eggs appear more similar and may be more 
conserved. Consistent with this, the doublesex/mab3 Related 
Transcription factors (DMRTs) are important for gonad sexual 
dimorphism in a wide range of animals, including flies, worms 
and mammals. Here we explore how sexual dimorphism 
is regulated in the Drosophila gonad, focusing on recent 
discoveries relating to testis development. We will discuss 
how sex determination in both the germline and the soma are 
utilized to create a testis, including the role of the key somatic 
sex determination factor doublesex. 



The Drosophila testis is an attractive model for understanding 
how sexual identity impacts the processes of organogenesis to cre- 
ate sexual dimorphism. Embryogenesis is only 24 h in this species 
and the currently known cell types of the adult testis form dur- 
ing this time, including a fully functional gonad stem cell niche. 
The pathway that initiates sexual identity in the soma is largely 
understood, and we are making progress on understanding how 
sexual identity is specified in the germline. The challenge now is 
to elucidate the mechanisms by which sexual identity is used by 
these cell types to control sex-specific development and organo- 
genesis. This review will focus on the creation of sexual dimor- 
phism in the gonad and the development of the testis. We will 
focus on more recent work rather than on describing important 
groundwork laid by older studies, for which we will refer to previ- 
ous reviews. 

Formation of the Embryonic Gonad 

In most animals, the somatic support cells that will house and 
nurture the germ cells during gametogenesis are formed from 
the mesoderm during development. In Drosophila, the somatic 
gonadal precursors (SGPs) are specified using the anterior/ 
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posterior (A/P) and dorsal /ventral (D/V) patterning systems that 
divide the mesoderm into distinct cell types (reviewed in ref. 1). 
Three clusters of «=12 SGPs each will form on either side of the 
embryo in parasegments (PSs) 10-12 (ref. 2, Figure 1) ("paraseg- 
ments" are the units of segmental identity along the A/P axis). 
Each mesodermal PS is divided into an anterior ("even skipped 
(eve) domain") and posterior {"sloppy paired domain"). SGPs 
form within the eve domain while in other PSs this domain gives 
rise to the fat body. 3,4 The D/V axis is also divided into distinct 
domains, and the SGPs in PS 10— 12 form within the dorso-lateral 
domain, below the dorsal domain that gives rise to the heart and 
visceral mesoderm. The transcription factors Eyes Absent (EYA) 
and Zn Finger Homeodomain 1 (ZFH-1) are expressed in this 
domain and are critical for SGP and fat body specification (see 
refs. 3-5, reviewed in ref. 1). 

An additional cluster of SGPs forms in PS 13, but is located 
more ventrally in the mesoderm and does not depend on the 
genes that form the dorso-lateral domain. 6 However, these cells 
do share characteristics of SGP identity, such as expression of 
EYA, Six4 and Doublesex. 6 " 8 These are known as "male-specific 
SGPs" (msSGPs) since they will only survive in males (see below). 
Thus, each gonad in males is initially formed from 4 separate 
clusters of SGPs. 

The homeotic (HOX) genes provide different parasegments 
with their unique identities (Fig. 1). During SGP specification, 
the homeotic gene abdominal A (abd-A) determines which para- 
segments of the dorso-lateral mesoderm will form SGPs, and 
which will form fat body. 3,4 ' 9 In addition, the individual SGP 
clusters have distinct identities depending on their pattern of 
homeotic gene expression; anterior SGPs (PS 10) express ABD- 
A, posterior SGPs (PS 12) express both ABD-A and Abdominal 
B (ABD-B), while msSGPs (PS13) express only ABD-B 1011 (the 
exact A/P identity of the PS 11 SGPs has not been defined). 
Correspondingly, anterior and posterior SGPs express different 
molecular markers (e.g., anterior SGPs express escargot while pos- 
terior SGPs express Wnt2 and higher levels of EYA), 10,11 indicat- 
ing their distinct identities. 

The SGPs must join with one another and incorporate the 
germ cells to form the embryonic gonad. The fascinating pro- 
cesses of germ cell formation and migration have been extensively 
reviewed 12 ' 13 and so we will not discuss them in detail. Similarly, 
the SGPs also migrate to form a single, cohesive tissue, and extend 
cellular processes to ensheath the germ cells. This involves adhe- 
sion molecules such as DE-cadherin, 14 and is also regulated by 
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Figure 1. A summary of testis development in Drosophila. 



the transcription factor Traffic Jam, which 
regulates SGP behavior but not initial SGP 
identity. 15 These processes have also been 
recently reviewed. 1 All of this has occurred 
by the mid-point in embryogenesis (stage 
14, 12 h after fertilization), resulting in 
an embryonic gonad with germ cells along 
with differentially patterned SGPs, creating 
the foundation for sex-specific development 
of the testes and ovaries. 

Establishing Sexual Identity 
in the Gonad 

The somatic gonad. For sexually dimorphic 
development to occur, cells must establish a 
male or female identity that will govern their 
sex-specific development. The mechanism 
for initiating this identity in Drosophila 
somatic cells is well understood, although 
the mechanisms by which sexual identity 
leads to sex-specific control of development 
are still being elucidated. Sexual identity is 
controlled by the sex chromosome geno- 
type (XX female, XY male), which in flies 
depends on the number of X chromosomes 
(reviewed in refs. 16, 17). Somatic cells with 
two X's activate expression of the switch 
gene Sex lethal (Sxl), which encodes an 
RNA binding protein that influences both 
alternative splicing and translation of target 
RNAs (reviewed in ref. 17). For somatic sex- 
ual identity, SXL regulates alternative splic- 
ing of transformer (tra) mRNA, such that 
a functional TRA protein is produced only 
in females. TRA, together with the non- 
sex specific splicing factor Transformer 2, 
acts in the alternative splicing of two down- 
stream targets, doublesex (dsx) and fruitless 
(fru), while these genes undergo default 
splicing in males. The result is the forma- 
tion of different isoforms of DSX protein 
in males and females (DSX M and DSX F ), 
while a functional FRU protein is only 
made in males. Though this pathway has 
been established for many years, few targets 
for the DSX or FRU transcription factors 
are known and the mechanism by which 
these genes act to translate sexual identity 
into sex-specific development is still largely 
unknown. 

The earliest manifestations of sexual 
dimorphism in the gonad are observed at 
the time of gonad formation, when sex-spe- 
cific gene expression is observed in SGPs, 18,15 
male SGPs signal to the germ cells through 
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the JAK/STAT pathway, 20 and the msSGPs undergo apoptosis 
specifically in females. 6 At this time, dsx is expressed specifically 
in SGPs, 8,18 while fru expression is not observed. Consistent with 
this, dsx controls all aspects of initial sexual dimorphism in gonad 
development so far described (discussed below). This is similar to 
the expression pattern observed for dsx homologs in other animal 
species (the dsxlmab3 related transcription factors, DMRTs). The 
DMRTs play a role in sex-specific gonad development in many 
animal species examined, including mammals, and a human syn- 
drome of gonad sex reversal has been linked to deletions affecting 
DMRTs (reviewed in ref. 21). Thus, it appears that dsx plays an 
ancient role in the control of gonad sexual dimorphism. 

The highly tissue-specific pattern of dsx expression in the 
gonad during embryogenesis illustrates that not all cells of the 
animal "know" their sex. In order for a cell to translate its sex 
chromosome constitution into information it can use to control 
sex-specific development, it needs to express a transcription fac- 
tor, such as DSX or FRU, which is regulated by the sex chro- 
mosome genotype. While all cells may need to "count" their X 
chromosomes in order to properly conduct X chromosome dos- 
age compensation, cells are on a "need to know basis" regarding 
their sexual identity; only those cells that need to undergo sex- 
specific development express DSX or FRtj s,is,22-26 Xndeed, it is 
detrimental, even lethal, for an animal to express DSX where it is 
not supposed to be expressed. 27,28 

The germ cells. In contrast to our understanding of how sex- 
ual identity is initiated in the soma, we know little about how this 
process is regulated in the germline. Germline sex determination 
is regulated by two important inputs: autonomous cues derived 
from the sex chromosome genotype of the germ cells combined 
with non-autonomous signals from the surrounding soma (Fig. 
2, reviewed in refs. 29, 30). Consequently, in Drosophila, the 
"sex" of the germline must match the "sex" of the soma in order 
for proper germline development to occur. Neither XY germ cells 
present in a female soma nor XX germ cells developing in a male 
soma can give rise to gametes, and these situations often result in 
a severe germline degeneration. 

Sex determination in the germline is manifested early in germ 
cell development, 31 at the time that the germ cells first become 
generally competent for zygotic transcription. 32 Female-specific 
activation of Sxl in the germ cells is observed at this time, prior 
to their migration and contact with SGPs. 31 Soon after, the 
germ cells reach the SGPs and exhibit male-specific activation 
of the JAK/STAT pathway. 20 Once the embryonic gonad forms, 
sex-specific expression of a number of genes is observed in the 
germline, indicating that their sexual identity has been robustly 
specified by this time. 19 ' 33 

As in the soma, autonomous control of germline sex determi- 
nation depends on Sxl, but the regulation of Sxl and its mecha- 
nism of action are quite different in the germline (reviewed in 
refs. 17, 29, 30). Germ cells with two X chromosomes autono- 
mously activate expression of Sxl, independent of their somatic 
environment. The X chromosome genes that activate Sxl in the 
soma are not required for its activation in the germline, 19,34,35 
and how Sxl is regulated in the germline remains unknown. 
The key targets for regulation by SXL in the soma are also not 




Figure 2. A simplified view of sex determination in the somatic gonad 
and germline. 



required in the germline. 36,37 Until recently, the role of Sxl as a 
sexual "switch" gene in the germline was still in question. While 
expression of Sxl in a male soma is sufficient to create a female 
identity in those cells, forced expression of Sxl in male germ cells 
has surprisingly little effect. 31,38 However, recent work demon- 
strates that Sxl expression is sufficient to feminize XY germ cells 
and allow them to form eggs, provided they are transplanted into 
a female somatic environment. 31 Thus, Sxl is capable of provid- 
ing the autonomous female sexual identity that would normally 
be derived from the presence of two X chromosomes. However, 
such germ cells must receive proper signals from a female soma in 
order to develop properly as female germ cells. 

Signals from both the male and female soma are required for 
germline sex determination. An important signal from the male 
somatic gonad acts through the JAK/STAT pathway to promote 
and maintain male germline identity. 20 Germ cells receive this 
signal as they contact male SGPs during their migration, and 
both XY and XX germ cells are competent to respond to this 
signal. Initially all germ cells exhibit activation of the JAK/STAT 
pathway before this signal becomes restricted to the germline 
stem cells as they form. 20,39 Evidence also supports a role for an 
important signal from the female soma to control germline sexual 
identity, 19,33 but the identity of this signal is currently unknown. 

Recent work has identified a new factor, Plant Homeodomain 
Finger protein 7 (PHF7) that plays an important role in regu- 
lating male germline identity, about which little was known. 40 
Phf7 is expressed specifically in male germ cells in the embryonic 
gonad and in the adult testis. The expression of Phf7 is largely 
dependent on signals from the soma, indicating it is a key target 
by which somatic signals influence germline sex determination. 
Loss of Phf7 disrupts proper male identity in the germ cells, and 
ectopic expression of Phf7 is toxic to female germ cells unless 
they are present in a male soma. Phf7 is even able to induce XX 
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germ cells to make sperm when present in a testis. Phf7 encodes a 
chromatin- associated protein that specifically recognizes epigen- 
etic marks on histone H3, indicating that global epigenetic regu- 
lation of the germline genome is important for proper germline 
sex determination. Phf7 also has clear homologs in other animals, 
including mouse and humans, that are also specifically expressed 
in the male germline, and human Phf7 can rescue Phf7 mutants 
in Drosophila. Thus, Phf7 represents an evolutionarily conserved 
epigenetic "reader" that may play a role in germline sex determi- 
nation in diverse species. 40 

Testis Development 

The embryonic gonad has a number of distinct cell types, includ- 
ing germ cells, anterior SGPs, posterior SGPs and msSGPs. 
Further, these cells have a clear sexual identity, as indicated by the 
expression of a number of sex-specific molecular markers. In the 
next stage of gonad development, this information is then com- 
bined to allow sexually dimorphic formation of the ovaries and 
testes. Here we will focus on testis development. One interesting 
difference between testis and ovary development is that the testis 
is largely complete by the end of embryogenesis or the early larval 
stages (24—30 h after fertilization), while morphogenesis of the 
ovary occurs later during the larval-pupal transition (5 d after 
fertilization). 

The male-specific SGPs. One of the first sexual dimorphisms 
to be identified in the developing gonad was the presence of the 
msSGPs, which are found in the posterior of the embryonic 
gonad in males but not females (ref. 6, Figure 1). In addition 
to expression of molecular markers characteristic of SGPs, the 
msSGPs express the transcription factor SOX100B. 6 It is remark- 
able that SOX100B is the fly homolog of mammalian Sox9, a 
protein that is essential for sex determination in the gonads of 
mouse and human (reviewed in ref. 41). SoxlOOB mutants exhibit 
severe defects in testis development but show no defects in the 
ovary. 42 Thus, this transcription factor is critical for gonad sexual 
dimorphism in diverse species. The msSGPs ultimately give rise 
to the terminal epithelium of the testis, 42 which is critical for the 
final differentiation of spermatids, and likely also plays a role in 
connecting the testis to other portions of the reproductive tract. 

While msSGPs are only found in the male gonad, these cells 
are initially present in both sexes prior to gonad formation but 
undergo sex-specific apoptosis in females. 6 In males, these cells 
actively migrate to join the SGPs and germ cells in forming the 
gonad. 43 If programmed cell death in the msSGPs is blocked in 
females, these cells survive and join the gonad, indicating that 
sex-specific apoptosis is the key step controlling their sexually 
dimorphic development. 6 Interestingly, even though these cells 
express DSX, 8,18 they do not decide for themselves whether to 
behave as male or female, but receive their instructions from the 
other SGPs. Experiments with sexual mosaics indicate that the 
behavior of the msSGPs depends on the sex of the SGPs, rather 
than on the sex of the msSGPs. Further, in the absence of SGPs, 
the msSGPs die in both sexes, indicating that a sex-specific sur- 
vival cue from male SGPs is what determines the fate of the 
msSGPs. 18 



The behavior of the msSGPs highlights a general principle of 
how sexual dimorphism is created in the gonad; many cell types 
do not decide for themselves what sex they should be, but rather 
receive signals from other cell types, namely the SGPs, about 
what sexual path they should follow. This is true for the msSGPs 
and is also true for the pigment cell precursors and the germ cells 
(Fig. 1). This is contrary to the commonly-held belief that, in 
Drosophila, "all cells decide for themselves" what sex they should 
be. 44 Thus, the creation of sexual dimorphism in the fly gonad 
is similar to gonad development in mammalian systems, where 
non-autonomous sex determination is known to be common. 

The pigment cell precursors. An additional male-specific cell 
type arises in the testis during the last stage of embryogenesis 
(stage 17, ^20 h after fertilization). These cells were originally 
discovered because they also express SOX100B and were thought 
to be derived from the msSGPs, but were found to be of inde- 
pendent origin. 18 They surround the outside of the embryonic 
gonad and give rise to the pigment cells that ensheath the adult 
testis and parts of the reproductive tract. While the function of 
these cells is not clear, their relationship to the fat body suggests 
they may influence testis function by means such as hormonal 
signaling. 

Interestingly, the pigment cell precursors provide another 
example of non-autonomous sex determination in the developing 
gonad. These cells are not part of the embryonic gonad at the 
time of its formation, but are specified from the surrounding fat 
body via male-specific signaling from the SGPs. 18 SGPs express 
Wnt2 in a male-specific manner under control of the somatic sex 
determination pathway, and Wnt2 is necessary and sufficient for 
formation of pigment cell precursors. 18,45 The sex of the fat body 
itself does not influence this process; both male and female fat 
body are competent to produce pigment cell precursors when 
provided with the Wnt2 signal. 18,45 Further, male-specific pig- 
ment cell precursor formation is under control of dsx, is which 
is expressed in SGPs but not the pigment cell precursors them- 
selves. 8 Instead, dsx regulates Wnt2 expression in the SGPs. 18 The 
sex-specific recruitment of neighboring cell types to become part 
of the developing gonad is a common feature of gonad develop- 
ment in different animals, such as in the recruitment of meso- 
nephric cells into the mouse testis, a process which is controlled 
by the sex of the gonad rather than the sex of the mesonephros 
(reviewed in ref. 46). 

The testis stem cell niche. One of the more interesting aspects 
of testis development is the formation of the germline stem cells 
(GSCs) and the somatic environment, or "niche," that regulates 
them. GSCs are critical for the production of large numbers of 
gametes throughout an extended period of adult life. There is 
clear sexual dimorphism in gonad stem cell development. In 
Drosophila, both the testis and the ovary have GSCs, as well 
as somatic stem cells that produce the differentiated somatic 
cells that nurture the germline during gametogenesis. However, 
there are many differences between the male and female GSCs, 
somatic stem cells, and the niches that control these stem cells. 
In other species, such as mouse and human, there is a clear GSC 
population only in the testis, and the ovary has a more limited 
capacity to produce gametes. How sexual dimorphism in both 
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the soma and the germline lead to differences in the gonad stem 
cell systems is thus an important question for understanding sex- 
specific development and reproductive health. 

The testis stem cell system is located at the proximal end 
of the testis, and is organized around an important cluster of 
somatic cells that make up the "hub" (ref. 47, Figure 1). The 
GSCs are arranged around the hub, along with the Cyst Stem 
Cells (CySCs), the somatic stem cells that produce the cyst cells 
that surround the germline during spermatogenesis (see reviews 
on GSCs and CySCs by Matunis and Schultz, this issue). The 
hub acts as a key organizing center by adhering to the stem cells, 
allowing them to remain in the niche and regulating their pattern 
of cell division. The hub also signals to the stem cells through 
multiple signaling pathways, including JAK/STAT, TGF-(3 and 
other pathways (Matunis and Schultz, this issue). In addition to 
producing the cyst cells, the CySCs also form an important part 
of the niche that regulates the GSCs. 48 

The hub forms during the last stage of embryogenesis (Stage 
17, ***20— 24 h after fertilization) from a subset of SGPs in the 
anterior region of the embryonic gonad. 49 Initially, SGPs with 
a combination of anterior and male identities express unique 
molecular markers such as escargot. Subsequently, a subset of these 
anterior male cells coalesce to form a tightly associated cluster of 
cells that express many of the molecular markers also expressed in 
the adult hub. This includes expression of several cell-cell adhe- 
sion molecules (DE-cadherin, DN-cadherin, Fasciclin 3) that 
are likely to mediate the sorting of these cells away from other 
SGPs and into the tight cluster of the embryonic hub. 49 A sub- 
set of germ cells associate with the embryonic hub as it forms 
and take on GSC identity. 39 Although all germ cells in the male 
gonad initially exhibit activation of the JAK/STAT pathway, 20 
this response becomes restricted to those germ cells associated 
with the hub. 39 Further, the hub-proximal germ cells exhibit the 
oriented divisions characteristic of GSCs and produce progeny 
that enter differentiation. 39 Thus, by the embryo/larval transi- 
tion, a fully functional stem cell niche has formed in the testis. 

Since differentiating spermatogonial cysts are observed soon 
after formation of the hub and GSCs, it is likely that the CySCs 
also form at this time. However, no specific markers are avail- 
able that distinguish these cells at this early time point. Lineage 
analysis indicates that the CySCs are derived from the same pool 
of anterior SGPs that form the hub (PS10 and PS11 SGPs). 50 It 
is possible that posterior SGPs (PS12) associate with those germ 
cells that are not selected to become GSCs to directly form sper- 
matogonial cysts ("one shot spermatogenesis"). 39 However, it is 
also possible that posterior SGPs utilize their unique identity to 
contribute to some other cell type in the adult testis that remains 
to be identified. 

If the same pool of anterior SGPs (PS10 and PS11) give rise to 
hub cells and CySCs, 49,50 how then is the hub vs. CySC decision 
made such that the correct number of hub cells form? Recent 
work indicates that the transcription factor Bowl is important 
for this decision. 50 Fewer hub cells are formed in bowl mutants, 
while removing an inhibitor of bowl, known as lines, increases 
hub cell number. Thus, bowl appears to act as a "pro-hub" fac- 
tor in the hub vs. CySC decision. Interestingly, when bowl is 



activated by loss of lines in adult CySCs, they take on some hub 
cell character, indicating that the hub cells and CySCs remain 
closely related and their distinction must be maintained even in 
the adult testis. 50 

It is also clear that cell-cell signaling is important for deter- 
mining which SGPs will form hub cells. Signaling between 
somatic cells via the Notch pathway regulates hub cell number, 
with Notch mutants showing a strong decrease in hub cells. 51 ' 52 
Notch is expressed broadly in SGPs, and evidence for Notch 
activity is seen in SGPs in both anterior and posterior regions 
of the gonad. 51,52 Thus, it is likely that anterior SGPs that have 
activated Notch will form hub cells, while those that do not form 
CySCs. Since Notch is known to upregulate bowl in other con- 
texts, one possibility is that Notch acts at least in part through 
bowl to specify hub cell identity. 50 However, there is disagree- 
ment about the nature and location of the ligands for the Notch 
pathway that control hub formation. Kitadake et al. observe that 
Serrate is expressed in SGPs and is the major ligand affecting 
hub formation. 51 However, Okebe and DiNardo observe that the 
Delta ligand plays the major role, with a lesser role for Serrate, 
but that neither is expressed in the gonad. 52 Instead, they postu- 
late that Delta expression in the neighboring midgut signals to 
the SGPs. Further work is needed to resolve which somatic cells 
are important for activating Notch signaling to control hub cell 
specification. 

Signaling from the germ cells to the SGPs through receptor 
tyrosine kinases (RTKs) is also involved in hub cell specifica- 
tion. 51,53 Posterior SGPs express the Sevenless (SEV) RTK, while 
all SGPs express the Epidermal Growth Factor receptor (EGFR). 
Loss of either or both of these RTKs increases the number of 
SGPs that take on hub identity, but there is still a clear bias 
toward formation of hub cells from anterior SGPs, indicating 
that the anterior/posterior patterning of the SGPs is the major 
determinant for which SGPs can form hub cells. Ligands for each 
of these receptors (BOSS and Spitz) are expressed in germ cells, 
suggesting that germ cells limit the production of an important 
component of their own stem cell niche, the hub. One intriguing 
idea is that this allows the system to compensate for situations 
where fewer germ cells reach the gonad. 51 When germ cells are 
plentiful, they restrict the number of cells that take on hub iden- 
tity and allow for sufficient CySC production. However, when 
few germ cells are present, hub cell number is increased to ensure 
that some germ cells contact hub cells and become germline stem 
cells. Indeed, when germ cell number is reduced experimentally, 
this mechanism appears to be important for increasing the likeli- 
hood of germline stem cell production and formation of a func- 
tional testis. 51 

One problem with this model is that, if the same pool of cells 
generates both hub cells and CySCs, when the number of hub 
cells is increased, CySC number would be decreased. As CySCs 
and cyst cells are also essential for gametogenesis, it would be 
counterproductive to increase hub cells at the expense of CySCs 
unless some other mechanism was in place to ensure CySC pro- 
duction. It is important to note, however, that manipulation of 
either the Notch or RTK pathways only alters hub cell number 
by a modest amount. For example, double mutants of both sev 
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and Egfr increase hub cell number from about 9 to about 16 cells 
from a total of approximately 40 SGPs. 51 Thus, these pathways 
can alter the likelihood that an SGP will choose hub cell identity 
over CySC identity, but they are unlikely to convert the entire 
pool of anterior SGPs to hub cells, for the obvious reason that loss 
of CySC would be disastrous for testis function. 

Later steps in testis development. Since the testis contains a 
functioning stem cell system and begins producing differentiat- 
ing spermatogonial cysts by the early larval period, little needs 
to change regarding basic testis function between the larval and 
adult testes (a period of nine days of development). However, 
some mutations only affect the testis at the larval/pupal transi- 
tion (e.g., SoxlOOB), 42 indicating that there may be additional 
changes or checkpoints that occur at this important develop- 
mental transition. This is the time when ovary morphogenesis 
normally begins in females, and the developmental "timer" that 
controls ovary development may also trigger changes to the testis. 

One important event that happens during the early pupal 
period is attachment of the testis to the rest of the reproductive 
tract, which develops from the genital imaginal disc (reviewed 
in ref. 16). The genital disc derivatives attach to the posterior of 
the testis where the msSGPs form the terminal epithelium (Fig. 
1). In addition, the genital disc is the source of muscle cells that 
migrate to form a uniform layer around the testis underneath the 
pigment cell layer. 45 Attachment of the genital disc derivatives 
and the migration of the muscle cells causes the testis to elongate 
from the spherical shape of the larval testis to the extended testis 
"tube" of the adult. 

The Role of dsx in Controlling Gonad Sexual 
Dimorphism 

As mentioned above, dsx is expressed in the SGPs beginning 
before gonad formation, and is required for all aspects of somatic 
gonad sexual dimorphism so far discovered, dsx expression is 
controlled by genes such as eya that regulate SGP specification. 8 
Thus, an important part of SGP identity is expression of dsx so 
that these cells can use information about their sexual identity to 
allow for sex-specific development. 

dsx is regulated by alternative splicing to produce functional 
proteins, DSX M and DSX F , in the respective sexes. These DSX 
isoforms have the same DNA binding domain, but their different 
C-termini allow them to have different effects on gene expression 
(reviewed in ref. 16). Since dsx is required for proper specification 
of both male and female identity, we would expect that SGPs 
mutant for dsx would develop with an intermediate phenotype, 
neither fully male nor fully female. Indeed, sex-specific gene 
expression in the SGPs of dsx mutants does appear to be interme- 
diate between the male and female levels (ref. 18, Camara et al., 
submitted). Surprisingly, however, initial development of the sex- 
specific cell types described above appears fully male-like in dsx 
mutants; both XY and XX dsx mutant embryonic gonads have 
msSGPs, pigment cell precursors and hubs. 18 - 4 ' This is perhaps 
understandable for cell types like the msSGPs and pigment cell 
precursors whose sexual development depends on signals from 
the SGPs. An intermediate level of a male-specific signal, such 



as Wnt2, may be sufficient to induce these cells to develop along 
the male path. 

The observation that both XY and XX dsx mutants have hubs 
is less easy to understand. Data indicate that the sex determi- 
nation pathway acts in an autonomous manner to specify hub 
development. In gonads with a mixture of male and female SGPs, 
the female SGPs do not contribute to the hub. 49 Why then would 
an intermediate sexual identity give rise to male development? 
Even more curious, when dsx mutant gonads are examined as 
adults, half of both XY and XX gonads contain hubs while the 
other half have components of the female GSC niche, the ter- 
minal filaments and cap cells (Camara et al., submitted). The 
hubs and terminal filaments/cap cells are thought to be derived 
from the same pool of anterior SGPs 49,54 and, indeed, it appears 
that the terminal filaments and cap cells that form later in dsx 
mutants come from the same cells that initially formed hubs 
(Camara et al., submitted). Thus, dsx likely acts on the same 
set of cells to determine whether they form components of the 
male or female niche. However, dsx is not a "micro-manager" of 
sexual development that instructs cells and tissues how to form 
male or female niche structures. Instead, these structures seem 
to form independent of dsx function, but do so stochastically in 
the absence of dsx regardless of the sex chromosome genotype. 
Thus, dsx appears to act only to ensure that the male pathway is 
activated in XY animals and the female pathway is activated in 
XX animals. 

Future Directions 

The above review demonstrates that we are clearly making prog- 
ress in understanding testis development and how sexual dimor- 
phism is regulated in the gonad. However, considering that 
sex determination has been studied in Drosophila for decades 
(reviewed in ref. 55), a surprising number of important unan- 
swered questions remain. For the soma, we understand how 
the sex chromosome genotype influences the sex-specific func- 
tion of the key downstream transcription factors DSX and FRU. 
However, few targets for regulation by DSX are known in any 
tissue, and none have been identified yet in the gonad. Any role 
that FRU may play in gonad development is also unknown. 

Further, for sex determination in the germline, even basic 
questions such as how Sxl is activated and what its targets are 
remain to be answered. Similarly, much remains to be discovered 
about how sex determination in the soma influences germline sex 
determination through important signals, such as the unidenti- 
fied signal from the female soma, and factors activated in the 
germ cells by these signals, such as Phf7. How the sex of the soma 
is integrated with the sex of the germ cells, and why the sex of the 
soma and germline need to match for proper germline develop- 
ment to occur, also remain to be uncovered. The timing of gonad 
development is also very different in males and females, and it 
will be interesting to discover how this timing is regulated in a 
sex-specific manner. 

Finally, intriguing parallels have been found between how sex- 
ual dimorphism is regulated in the gonads in diverse species, such 
as flies and mammals. The logic for creating sexual dimorphism 
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was thought to be very different between species, with cells in 
Drosophila primarily deciding "for themselves" what sex to be 
in an autonomous manner, while mammals exhibit much more 
non-autonomous sex determination through local and systemic 
(hormonal) signals. We now know that this logic of sex determi- 
nation is much more similar between species, with a great deal 
of local cell-cell signaling regulating gonad sexual dimorphism 
in both flies and mammals. Also of interest is the role that dsx 
homologs (DMRTs) play in the development of gonad sexual 
dimorphism in a wide range of different animal species. 21 In the 
future, it will be of great interest to explore how diverse species 
utilize similar mechanisms, and exhibit interesting evolutionary 
differences, in sex-specific development of the gonads. 
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